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Installed global wind power increased by 26% during 2003, with U.S and Europe accounting for
90% of the cumulative capacity. Little is known about wind turbines’ impact on people living in
their vicinity. The aims of this study were to evaluate the prevalence of annoyance due to wind
turbine noise and to study dose—response relationships. Interrelationships between noise annoyance
and sound characteristics, as well as the influence of subjective variables such as attitude and noise
sensitivity, were also assessed. A cross-sectional study was performed in Sweden in 2000.
Responses were obtained through questionnaites361; response rate 68.4%and doses were
calculated as A-weighted sound pressure levels for each respondent. A statistically significant dose—
response relationship was found, showing higher proportion of people reporting perception and
annoyance than expected from the present dose—response relationships for transportation noise. The
unexpected high proportion of annoyance could be due to visual interference, influencing noise
annoyance, as well as the presence of intrusive sound characteristics. The respondents’ attitude to
the visual impact of wind turbines on the landscape scenery was found to influence noise annoyance.
© 2004 Acoustical Society of AmericdDOI: 10.1121/1.1815091
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I. INTRODUCTION All wind turbines in Sweden are upwind devices. The
most common type is a 600 or 660 KW turbine with three
Wind turbines generate renewable energy and thus corrotor blades, rotor diameter 42—47 m, constant rotor speed
tribute to sustainable development. However, disturbanceg rpm (84 blade passages per minute, a blade passage fre-
from wind turbines may be an obstacle for large-scale proquency of 1.4 Hy, and hub height of 40-50 m. They often
duction (Rand and Clarke, 1990; Ackerman andd8n operate singly or in multiple units of 2 to 10. The noise
2000. Few studies have so far been directed to the prevaemission at the hub is 98—102 dBA measured at wind veloc-
lence of disturbance, and existing knowledge of annoyancfy 8 m/s at 10 m height. Earlier turbines were often down-
due to wind turbines is mainly based on studies of smallefvind devices and contained low-frequency noistibbard
turbines of less than 500 k\WVolsink et al,, 1993; Pedersen et al, 1983. In contrast to these, modern machines have the
and Nielsen, 1994 rotor blades upwind and the noise is typically broadband in
Global wind power installed at the end of 2003 reachechature(Fig. 1), (Persson Waye and Hdstran, 2002; Bjak-
39 GW according to American Wind Energy Association man, 2004. There are two main types of noise sources from
(2004, an increase of 26% in just one year. United St&fes an upwind turbine: mechanical noise and aerodynamic noise.
GW) and Europg29 GW) account for 90% of the cumula- pechanical noise is mainly generated by the gearbox, but
tive capacity. In Sweden, more than 600 wind turbines argygq by other parts such as the generdtawson, 1996.
operating today with a total installed capacity of 0.4 GW, \echanical noise has a dominant energy within the frequen-
producing 600 GWh per year. They are placed in 84 of Swegjes pelow 1000 Hz and may contain discrete tone compo-
den’s 290 municipalities both along the coasts and in rurahents. Tones are known to be more annoying than noise with-
inland areas, concerning a number of people. The goal set Wt tones, but both mechanical noise and tones can be
by the Swedish government for 2015 is 10 TWh, leading torequced efficientlfWagneret al, 1996. Aerodynamic noise
an increase of 1600% from today. Most of these new turbinegom wind turbines has a broadband character. It originates
will probably be situated off shore, but as the cost for build-mainly from the flow of air around the blades; therefore the
ing on land is considerably lower, the development on land igond pressure levelSPLY increase with tip speed. Aero-
expected to continue. Already, turbines are being erectegynamiC noise is typically the dominant component of wind
near densely populated areas. Preliminary interviews conyrpine noise today, as manufacturers have been able to re-
ducted among 12 respondents living within 800 m of & windgyce the mechanical noise to a level below the aerodynamic
turbine, and a register study of the nature of complaints tqgjse. The latter will become even more dominant as the size
local health and environments authorities, indicated that thgs \vind turbines increase, because mechanical noise does not

main disturbances from wind turbines were due to Noisejncrease with the dimensions of turbine as rapidly as aerody-
shadows, reflections from rotor blades, and spoiled Views,5mic noise(Wagneret al, 1996.

(Pedersen, 2000 Previous international field studies of annoyance from

wind turbines have generally found a weak relationship be-
dElectronic mail: eja.pedersen@set.hh.se tween annoyance and the equivalent A-weighted §®dnd
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and Clarke, 1990; Wolsinket al, 1993; Pedersen and ally, or to their lack of visual impression during the noise
Nielsen, 1994 It is possible that different sound properties, exposure.

not fully described by the equivalent A-weighted level, are of There is clearly a need for field studies to investigate the
importance for perception and annoyance for wind turbindmpact of wind turbines on people living in their vicinity and
noise. Support for such a hypothesis was given in a previouw® further explore the presence of disturbances. In particular,
experimental study where reported perception and annoydose—response relationships should be investigated to
ance for five recorded wind turbine noises were differentachieve a more precise knowledge of acceptable exposure
although the equivalent A-weighted SPL were the s@ifes-  levels. As noise annoyance may be interrelated to the pres-
sson Waye and krstram, 2002. The results from that study ence of intrusive sound characteristics, ambient sound pres-
and subsequent experiments suggested that the presencesafe level, and visual intrusion as well as individual vari-
sound characteristics subjectively described as lappingbles, all these factors should be taken into account and their
swishing, and whistling was responsible for the differencegelative importance evaluated.

in perception and annoyance between the souR@ssson The aims of this study were to evaluate the prevalence
Waye and Agge, 2000The descriptions swishing and whis- of annoyance due to wind turbine noise and to study dose—
tling were found to be related to the frequency content in theesponse relationships. The intention was also to look at in-
range of 2000 to 4000 H@ersson Wayet al, 1998 while  terrelationships between noise annoyance and sound charac
the description lapping probably referred to aerodynamicallyteristics, as well as the influence of subjective variables such
induced fluctuations and was found to best be described bgs attitude and noise sensitivity.

specific loudness over tim@Persson Wayeet al., 2000.

Sound characteristics such as described here could be of r§|- iETHOD

evance for perception and annoyance, especially at low back- _
ground levels. A. General outline

It has been suggested that the perception of wind turbine  The investigation was a cross-sectional study compris-
noise could be masked by wind-generated noise. Howevefag respondents exposed to different A-weighted sound pres-
most of the wind turbines operating today have a stable rotogyre |evelgSPL) from wind turbines. Five areas totaling 22
speed, and, as a consequence, the rotor blades will genergig? comprising in total 16 wind turbines and 627 households
an aerodynamic noise even if the wind speed is slow and th@ere chosen within a total area of 30 kTable ). Subjec-
ambient noise is low. Furthermore, noise from wind turbine&ive responses were obtained through questionnaires deliv-
comprises modulations with a frequency that corresponds tgred at each household and collected a week later in May and
the blade passage frequen@yubbardet al, 1983 and is  june 2000. The response rate was 68.4%. A-weighted SPLs
usually poorly masked by ambient noise in rural aré®  due to wind turbines were calculated for each respondent’s
linger and Gustafsson, 1988 dwelling. Comparisons were made of the extent of annoy-

It has also been shown in previous field studies thagnce between respondents living at different A-weighted
attitude to wind turbines is relevant to perceived annoyancgp| s.

(Wolsink et al,, 1993; Pedersen and Nielsen, 1298uch a
relationship, however, was not found in an experimental
study where the participants were exposed to wind turbin
noise (Persson Waye and Hdstran, 2003. The difference The criteria for the selection of the study areas were that
could be due to the fact that the subjects in the latter studyhey should comprise a large enough number of dwellings at
had very little personal experience of wind turbines genervarying distances from operating wind turbines within a

. Study area and study sample
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TABLE I. Description of study areas.

Wind Study Response
Area Square km turbines Households population Responses rate (%)
A 3.7 2 89 75 54 72.0
B 4.7 3 44 33 23 69.7
C 8.3 8 70 59 49 83.1
D 3.3 2 393 325 210 64.6
E 2.0 1 31 21 15 71.4
Total 22.0 16 627 513 351 68.4

comparable geographical, cultural, and topographical strucguestions on frequency of disturbances and experiences dur-
ture. Suitable areas were found in a municipality in the southng certain activities and weather conditions. Respondents
of Sweden. More than 40 wind turbines are located in thisvere also asked to describe their level of perception and
region, either in small groups with two to five turbines or asannoyance related to the wind turbine sounds they could
single objects. The landscape is flat and mainly agriculturahear, using verbal descriptors of sound and perceptual char-
but small industries, roads, and railroads are also preserdcteristics. These descriptors were obtained from previous
Most people live in privately owned detached houses in theexperimental studies were subjects initially verbally de-
countryside or in small villages. The wind turbines are vis-scribed their perception of annoying sound properties for five
ible from many directions. To define the study area, prelimi-recorded wind turbine soundPersson Waye andr@stram,
nary calculations of sound distribution were made so that th€002. This, together with some given adjectives, resulted in
area would include dwellings exposed to similar A-weighteda total of 14 adjectives that were rated on unipolar scales
SPL irrespective of the number of wind turbines. Of the 16with regard to annoyance. In this field study, the original
wind turbines in the selected five areas, 14 had a power adescriptors were complemented with regionally used
600-650 kW, the other two turbines having 500 kW and 15Qphrases. Several questions on attitude to wind turbines were
kW. The towers were between 47 and 50 m in height. Of thealso included.
turbines, 13 were WindWorld machines, 2 were Enercon, and  The third section of the questionnaire concerned health
1 was a Vestas turbine. Figure 1 showssactave band aspects such as chronic illnesgd&betes, tinnitus, cardio-
spectra of a WindWorld turbine sound recorded 320 m fromvascular diseases, hearing impairmeand general well-
a turbine in area A at 6.3—8.9 m/s and a spectra of an Enebeing (headache, undue tiredness, pain and stiffness in the
con turbine sound recorded 370 m from the turbine in area Back, neck or shoulders, feeling tensed/stressed, irrjtable
at 4.5-6.7 m/s. Both recordings were done under downwindRespondents were asked questions about their normal sleep
conditions. habits: quality of sleep, whether sleep was disturbed by any
The study sample comprised one selected subject beroise source, and whether they normally slept with the win-
tween the ages of 18 and 75 in each household in the araow open. The last section comprised questions on employ-
within a calculated wind turbine A-weighted SPL of more ment and working hours.
than 30 dB (1=513). The subject with birth date closest to
May 20 was asked to answer a questionnaire.

D. Calculations and measurements of noise exposure

C. Questionnaire For each respondent, A-weighted SRHB) were calcu-

The purpose of the study was masked in the questiontated as the sum of contributions from the wind power plants
naire; the questions on living conditions in the countrysidein the specific area. The calculations were made with calcu-
also included questions directly related to wind turbines. Thdation points every fifth meter. The calculations followed the
response of most questions was rated on 5-point or 4-poirgound propagation model for wind power plants adopted by
verbal rating scales. The key questions relevant for this papéhe Swedish Environmental Protection Agen@001) and
were translated into English and are presented in the Appermssed as a basis for granting of building permission. The
dix. The questionnaire was divided into four sections. Themodel assumes downward wind of 8 m/s at 10-m height. The
first section comprised questions regarding housing and sagalculation model is slightly different depending on the dis-
isfaction with the living environment, including questions on tance between the source and the receiver. For the cases in
the degree of annoyance experienced outdoors and indooligis study the following equation was used:
from several sources of annoyance, wind turbines included.
The respondent was also asked to rate his/her sensitivity to

environmental factors, one being noise. . wherer is the distance from the source to the receiver in
The second section of the questionnaire comprised quegneters. The atmospheric absorption coefficient is estimated

tions on wind turbines, related to the respondent by the reg; pe 0.005 dB/ML ya corr is @ modified sound power level
cent development of wind turbines in the community. Thegf the wind power:

response to different visual and auditory aspects of wind tur-
bines as noise and shadows were asked for, followed by Lywacorr=Lwatk-Avy. 2

La=Lwacor—8—20Ig(r)—0.00%, (1)
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TABLE II. Study sample, study population, and response rate related to sound cate8éyy

Sound category <30.0 30.0-325 325-35.0 35.0-37.5 37.5-40.0>40.0 Total

Study sample 25 103 200 100 53 32 513
Study population 15 71 137 63 40 25 351
Response rate 60.0% 68.9% 68.5% 63.0% 75.5% 78.1% 68.4%

Lwa is the A-weighted sound power level of the wind power shows the relationship between distance and A-weighted
plant, which in this study was given by the manufactuker; SPL. Two values are given for each category: the range and
describes how the sound power level varies with the windhe median interval.

speed at 10 m height and

In(H/zy) In(h/0.05 @ E. Statistical treatment of data
v - , .
"\ In(h/z,) In(H/0.05 Due to the fact that most of the data were categorical

(ordered or nonordergédand not continuos data, and there-
wherevy, is the wind speed at 10-m heighd, the height of fore no assumptions on probability distribution could be
the hub,h is 10 m, andz, the surface roughness length. In made, nonparametric statistical methods were used, all de-
these calculationszo=0.05m (fields with few building$  scribed by Altman(1991). Data from verbal rating scales
was used and therefore no valuekoivas needed. The SPL were calculated as proportions with 95% confidence inter-
calculated this way is an estimate for the equivalent level fovals. When relevant, the two highest ratings of annoyance
a hypothetical time period with continuous performance afrather annoyed and very annoyedere classified as an-
downwind conditions 8 m/s at 10-m height. noyed and the three lower ones as not anndgednot no-

To verify the calculations, to record frequency spectratice, notice but not annoyed, and slightly annoydd the
and to study background sound, a mobile caravan equippeshalysis of attitude, negative and very negative were classi-
with a sound level metelLarson & Davis type 820 digital ~ fied as negative; in the analysis of sensitivity, rather sensitive
audio tape recordgiSony TCD-D8 DAT), and meteorologi- and very sensitive were classified as sensitive. More ad-
cal instrumentgDavis Weather Monitor type Jlwas used. vanced statistical analyses were carried out using SPSS ver-
The mobile station was placed on different sites of the studwion 11.0. Relationships between variables were evaluated
area. Both the meteorological instruments and the noise reising Spearman’s nonparametric rank correlatiq. (Pear-
cording instruments were computer controlled and directedon’s chi-squardchi2) was used to test that all sound cat-
remotely via a cellular phone. The microphone was attachedgories contained the same proportion of observations. To
on a vertical hardboard facing the noise source. The equipevaluate differences between two unmatched samples of ob-
ment and procedures are thoroughly described bykBjan  servations on an ordinal scale.g., comparing men and
(2004). The sound pressure levels measured on the reflectingomen’s answers on a 5-graded verbal rating 3¢dlee
plane were corrected by-6 dB to present the free field Mann—Whitney test was used,fy); a nonparametric test
value. The ambient sound pressure level varied from 33 dquivalent to thd test, but based on rankéltman, 199).

L Aeq,5 mint0 44 dBL aeq 5 min- The variations were mainly due All significance tests were two-sided armvalues below

to the amount of traffic within a 24-h time period. The lower 0.05 were considered statistically significant. When explor-
background levels typically occurred during evening anding several relationships at the same time, 1 out of 20 calcu-
nights. lations would be classified as statistically significant by

The respondents were classified into six sound categazhance. This risk of mass significance was avoided using
ries according to the calculated wind turbine A-weightedBonferroni’'s method when appropriate, reducing phealue
SPL at their dwelling. Table 1l shows the number of respon-considered statistically significant by dividing it with the
dents living within each sound category and also the studyiumber of correlations calculated at the same tiféman,
sample and response rate for each sound category. 1991).

Data for the distance between the dwelling of the re-  Binary logistic multiple regression was used to study the
spondent and the nearest wind turbine were obtained frorimpact of different variables on annoyance of wind turbine
property maps, scale 1:10000. The distance differed withimoise (annoyed—not annoy@dSound category was used as
each sound category, depending on the number of wind tuthe dose variable. Logistic regression is a method used to
bines in the area—the larger number of wind turbines, thanake a nonlinear function into a linear equation, using odds
shorter distance at the same A-weighted SPL. Table llrather than straightforward probability. The equation is

Avh=

TABLE IIl. Distance between dwelling and nearest wind turbine related to sound catéiisy.

Sound category <30.0 30.0-32.5 32.5-35.0 35.0-37.5 37.5-40.0 >40.0

Range(m) 650-1049 550-1199 450-1099 300-799 300-749 150-549
Median interval(m) 850-899 750-799 550-599 450-499 350-399 300-349
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TABLE IV. Characteristics of the respondents given as proportions of respondents in each sound ¢e®4pand in total.

Sound category <30.0 30.0-32.5 32.5-35.0 35.0-37.5 37.5-40.0 >40.0 Total
n 15 71 137 63 40 25 351
Gender: Malg%) 27 35 39 50 50 48 42
Residence: Detached 100 83 61 100 97 96 81
houses/farm$%)

Occupation: Employe@b) 67 59 58 53 69 67 60
Sensitivé to noise(%) 62 44 49 53 58 50 50
Negativé to wind turbines(%) 8 10 11 18 20 8 13
Negativ® to visual impact(%) 43 33 38 41 40 58 40
Long-term illnesg%) 20 29 28 16 30 24 26
Age: Mean 46 47 47 50 48 48 48

(SD) (13.3 (13.7 (14.3 (14.9 (13.1 (14.3 (14.0

@Sensitive consists of the two ratings: rather sensitive and very sensitive.
PNegative consists of the two ratings: rather negative and very negative.

p statistically significant differences in variables related to
ﬁ) =bg+byXy+boxp+- -, (49 noise sensitivity, attitude, or health were found between the
different sound categories.
where, in this casq is the probability of being annoyed by The mean age in the study population was 48 yéars
noise from wind turbinesx,—x, are the variables put into =140 (Table IV) which did not differ statistically signifi-
the model, and;-b, are the logarithmic value of the odds cantly from the demographic data5 years, SB-15.2. The
ratio for one unit change in the respective variatAéman,  proportion of women in the study population was slightly
199]). A relevant measurement of explained variance usinghigher than in the demographic data; in the study population,
nonparametric  statistics is Nagelkerke pseudo-R 58% women and 42% me(iable V), compared to 49%
(Nagelkerke, 1991 women and 51% men in the demographic data. However, no
To estimate how consistently the respondents answeregtatistically significant differences were found between men
to questions measuring similar response, Cronbach’s alphgnd women regarding perception and annoyance due to wind
(Miller, 1995) was calculated as a testing of the internal con-tyrpine noise, noise sensitivity, or attitude to wind turbines.
SiStency rellablllty of the questionnaire. Five of the questionQDifferences between genders were found regarding well-

regarding wind turbine noise were compared: annoyance ougeing. Women suffered more often from headachgy(
doors, annoyance indoors, annoyance of rotor blades, annoy- —3.243 n=328, p<0.001), undue tiredness zfy

ance of machinery, annoyance as a describing adjective. De- —3 549 n=327, p<0.05), pain and stiffness in back,
mographic data on age and gender of the population in thReck or shoulderszy,, = —3.312,n=331, p<0.001), and
four parishes in the study area were collected from locatension/stresszi,,, = — 3.446,n=328, p<0.001).
authorities. The study population was compared to these de-

mographical data, parish-by-parish, and divided into 10-year )
categories for age and gender, as well as in total. B. Main results

In

The proportion of respondents who noticed noise from

I1l. RESULTS wind turbines outdoors increased sharply from 39% (
=27, 95%CIl: 27%-50%at sound category 30.0-32.5 dBA
to 85% (=53, 95%CI: 77%—94%at sound category 35.0—

The overall response rate was 68.4%, ranging from87.5 dBA (Table V). The proportion of those annoyed by
60.0% to 78.1% in the six sound categori@able 1. No  wind turbine noise outdoors also increased with higher sound
statistically significant differences in variables related to agecategory, at sound categories exceeding 35.0 dBA. The cor-
gender, or employment were found among sound categorigglation between sound category and outdoor annoyance due
(Table 1V). A statistically significant difference was found to wind turbine noiséscale 1-%was statistically significant
between sound categories as to whether respondents lived (ng=0.421,n=341,p<0.001). No respondent self-reported
apartments or detached houséshi2=62.99, df&=5, p as annoyed at sound categories below 32.5 dBA, but at
<0.001). Overall, most of the responderi@&?%) lived in  sound category 37.5—-40.0 dBA, 20% of the 40 respondents
privately owned detached houses or on farms. The remaininliving within this exposure were very annoyed and above 40
lived in tenant-owned or rented apartments. The latter wereBA, 36% of the 25 respondent$able V).
more frequent in sound category 32.5-35.0 dBAble V). To explore the influence of the subjective factors on
However, there was no statistically significant difference benoise annoyance, binary multiple logistic regression was
tween the respondents living in privately owned detachedised(Table VI). Eight models were created, all containing
houses or on farms, on one hand, and those living in tenansound category as the prime variable assumed to predict
owned or rented apartments, on the other hand, regardingpoise annoyance. The three subjective factors of attitude to
subjective factors, when correcting for requirements to avoidiisual impact, attitude to wind turbines in general, and sen-
mass significance. Most of the respondents did not own aitivity to noise were forced into the model one-by-one, two-
wind turbine or share of a wind turbin®5%, n=335). No  by-two, and finally all together. In the first model only noise

A. Study population
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TABLE V. Perception and annoyance outdoors from wind turbine noise related to sound exposure.

<30.0 30.0-32.5 32.5-35.0 35.0-37.5 37.5-40.0 >40.0

n=12 n=70 n=132 n=62 n=40 n=25
%(95%C) %(95%C) %(95%C) %(95%C) %(95%C)) %(95%C)
Do not notice 7551-100 61(50-73 38(30-46 153-23 15(4-26 4(19-57
Notice, but not annoyed 25-50 24(14-349 28(20-36 47(34-59 35(20-50 40(19-57
Slightly annoyed 0 16-22 17(10-23 26(15-3% 23(10-35 12(19-57
Rather annoyed 0 0 1B-15 6(0-13 8(—1-16 8(19-5%
Very annoyed 0 0 &-12 6(0-13 20(8-32 36(17-55

exposure was used as the independent variable. Th&Exp “ugly” (36%), and “effective” (30%). Only the word “an-
was 1.87, i.e., the odds for being annoyed by noise fromnhoying” (25%) was judged higher among those in higher
wind turbines would increase 1.87 times from one soundsound categories than among those in lower sound categories
category to the next. When adding the subjective factor oz, =—3.613,n=351, p<0.001).
attitude to visual impact as an independent variable, the in-  The high judgment of the word “ugly” corresponds to
fluence of the noise exposure decreased, but was still statithe outcome of the attitude questions. Of the respondents,
tically significant. The pseudB? increased from 0.13 to only 13% (=44, 95%Cl: 9%—16%reported that they were
0.46, indicating that the new model explained 46% of thenegative or very negative to wind turbines in general, but
variance in annoyance. Adding the two remaining subjective;goy (=137, 95%Cl: 34%—44%that they were negative
factors did not improve the model as the coefficients did noly yvery negative to the visual impact of wind turbines on the
reach statistical significance. landscape scenefirable V).
~ Noise from rotor blades was reported as the most annoy-  a|| correlations between sound category, noise annoy-
ing aspect of wind turbines. Of the respondents, 16% ( ance, and subjective factors are shown in Table VII. Noise
=54, 95%Cl: 12%—-20%were annoyed by noise from rotor 5nn6vance was correlated to both sound category and the
blades. Changed viewl4%, n=48, 95%Cl: 10%-18%  hree subjective factors, strongest to attitude to the wind tur-
noise from machinery9%, n=33, 95%Cl: 6%-12% shad-  ineq visual impact on the landscape. The subjective factors
ows from rotor blade$9%, n=29, 95%CI: 6%-11% and e 4150 correlated to each other, except for general attitude
reflections from rotor blade&%, n=22, 95%CI: 4%-9% ;4 sensitivity to noise. Of all the respondents, 5086 (
were also reported. =169, 95%Cl: 45%—-55%regarded themselves as rather
sensitive or very sensitive to noig€able 1V).
When comparing those annoyed by wind turbine noise
Almost all respondent$93%, n=327, 95%Cl: 91%— and those not, no differences were found regarding the judg-
96%) could see one or more wind turbines from their dwell- ments of the local authorities, with the exception of per-
ing or garden. When asked for judgments on wind turbinesgeived opportunity to influence local governmeng,gz=
the adjectives that were agreed on by most respondents were2.753,n= 300, p<0.005). Those annoyed reported nega-
“environmentally friendly” (79%), “necessary” (37%), tive changes to a higher degrer,(y=—5.993,n=307, p

C. Attitude and sensitivity

TABLE VI. Results of multiple logistic regression analyses with 95% confidence intervals.

Variables b p-value Expib) (95%C)) PseudoR??
1 Noise exposure 0.63 <0.001 1.871.47-2.38 0.13
2 Noise exposure 0.55 <0.001 1.741.29-2.34 0.46
Attitude to visual impact 1.62 <0.001 5.0%3.22-7.92
3 Noise exposure 0.62 <0.001 1.861.45-2.40 0.20
Attitude to wind turbines 0.56 <0.001 1.741.30-2.33
4 Noise exposure 0.63 <0.001 1.881.46-2.42 0.18
Sensitivity to noise 0.56 <0.005 1.7%1.19-2.57
5 Noise exposure 0.55 <0.001 1.781.28-2.33 0.46
Attitude to visual impact 1.66 <0.001 5.283.26-8.56
Attitude to wind turbines —-0.10 0.319 0.90.64-1.28
6 Noise exposure 0.57 <0.001 1.771.30-2.40 0.47
Attitude to visual impact 1.59 <0.001 4.883.08-7.72
Sensitivity to noise 0.22 0.344 1.8679-1.96
7 Noise exposure 0.63 <0.001 1.881.45-2.45% 0.24
Attitude to wind turbines 0.58 <0.001 1.781.32-2.41
Sensitivity to noise 0.59 <0.005 1.801.22-2.67
8 Noise exposure 0.56 <0.001 1.761.29-2.39 0.47
Attitude to visual impact 1.63 <0.001 5.113.10-8.41
Attitude to wind turbines —0.10 0.597 0.9(0.64-1.29
Sensitivity to noise 0.21 0.373 1.878-1.94
Nagelkerke(1991).
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TABLE VII. Correlation between noise annoyance, sound cate¢a@) and the subjective variables. Statis-
tically significant correlations in boldface. To avoid the risk of mass significgrc8.008 were required for
statistical significance.

Sound Attitude to Attitude to Sensitivity to
category visual impact wind turbines noise
Noise annoyance 0.421 0.512 0.334 0.197
Sound category 0.145 0.074 0.069
Attitude to visual impact 0.568 0.194
Attitude to wind turbines

0.023
Sensitivity to noise ...

<0.001); 83% compared to 37% among those not annoyedhoticed noise from rotor blades was similar to the proportion
Of the 138 respondents who reported negative changes ovesf respondents who noticed wind turbine noise in general.
all, 41% (=57, 95%CI: 33%-50%specified wind turbines Noise from rotor blades was noticed in lower sound catego-
in the response to an open question. ries than noise from the machinery, i.e., it could be heard at
a greater distance. However, comparing the numbers of an-
noyed with the numbers of those who could hear noise from
the two sources, respectively, both noises were almost
Among those who noticed wind turbine noisen ( equally annoying. Of the 215 respondents who noticed noise
=223), 25% (=47, 95%Cl: 18%—31%reported that they from rotor blades, 25% (=54, 95%Cl: 19%—31%were
were disturbed every day or almost every day and 17% (annoyed. Of the 101 respondents who noticed noise from the
=33, 95%Cl: 12%-23%00nce or twice a week. Annoyance machinery, 30% if= 30, 95%Cl: 21%—39%were annoyed.
was most frequently reported when relaxing outdoors and at Among those who noticed noise from wind turbines,
barbecue nights. swishing, whistling, pulsating/throbbing, and resounding
Perception of wind turbine noise was influenced bywere the most common sources of annoyance according to
weather conditions. Of the respondents who noticed wind,erpg] descriptors of sound characteristicEable VIII).
turbine nOise, 54% Stated tha.t they COUId hear the nOise morﬁhese descriptors were a” h|gh|y Corre'ated to noise annoy_
clearly than usual when the wind was blowing from the tur-ance. All other verbal descriptors of sound characteristics
bines towards their dwelling. Only 9% reported that theyere also statistically significantly correlated to noise annoy-
noise was heard more clearly when the wind was from theynce, but to a lower degree. When analyzing annoyance due
opposite direction. The noise was also more clearly noticegy nojse from rotor blades, the strongest correlated verbal
when a rather strong wind was blowin@9%), but 18%  descriptor of sound characteristics was swishings (
reported that the noise was more clearly noticed in low wind =g 807, n= 185, p<0.001), which can be compared to
For warm summer nights, 26% noticed the noise moreypjse annoyance due to noise from the machinery—which
clearly than usual. had the highest correlation with scratching/squeaking (
=0.571,n=133,p<0.001).

D. The occurrence of noise annoyance

E. Sound characteristics

There was a statistically significant correlation betwee
sound category and annoyance due to noise from rotor blade$
(rs=0.431,n=339, p<0.001) and from the machinery { A total of 7% of respondentaE 25, 95%Cl: 5%—10%
=0.294, n=333, p<0.001). In all sound categories, a were annoyed by noise from wind turbines indoors. Forty-
higher proportion of respondents noticed noise from rotoffive percent (=24, 95%Cl: 32%—-59%0f those who were
blades than from the machineflyig. 2). The proportion who annoyed by noise from wind turbines outdoors were also

Indoor noise annoyance and sleep disturbance

100 -

90 -

80 - ”/é %
g 70 - . /
e 60 77 _ _
8 50 - | _ . o o
2 % % % FIG. 2. Proportions with 95% confidence intervals of
g 40 - % //é % perception outdoors due to noigeotice but not an-
£ 30 %’ 7/ //// noyed, slightly annoyed, rather annoyed, very annpyed

/ / / Stghty
20 - % % % from wind turbines, from rotor blades, and from ma-
12 : J‘l é| % % chinery, related to sound categories.

32.5-35.0 35.0-37.56 37.5-40.0 >40.0
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TABLE VIII. Verbal descriptors of sound characteristics of wind turbine The response rate at the different sound categories
noise, 'bats'ed on those yvho _notlced wind turbln_e sou7}§I2{23). Stat|st.|- _ ranged from 60.0% to 78.1%, with the overall mean 68.4%
cally significant correlations in boldface. To avoid the risk of mass signifi- d the d t fairl v distributed d cat
cancep<0.0062 were required for statistical significance. a_‘n e rOPOU, a_'ry equally .'S HIDLIECEOVERSOUN . catego-
ries. The distribution of age in the study population was

Annoyed by Correlation similar to that of the demographic data for the area, but the

the specified to noise proportions of women were somewhat higher than expected,

sound character annoyance especially in the lower sound categories. It has previously
Swishing 33%27%—40% 0.718 been shown that annoyance is not related to gender
Whistling _ 26%418%—33% 0.642 (Miedema and Vos, 199%nd as this study found no differ-
;:'Ssjltj':gi/:g‘rc’bb'”g fggg;‘:ggﬁ; g'jgg ences between men and women regarding noise annoyance
Low frequency 13%(7%—18% 0.292 and attitude to wind turbines, the higher proportion of
Scratching/squeaking 1296%—17% 0.398 women in the study population presumably had no impact on
Tonal 7% (3%—12% 0.335 the results. A rather high proportion, 50%, of respondents
Lapping 5% (1%-8% 0.262 self-reported as rather or very sensitive to noise. Other field

studies in Sweden on annoyance due to road traffic noise in
urban areas have found a lower proportion of noise-sensitive
annoyed indoors. There was a statistically significant correpersons; for example, Matsumura and Rylanded91) re-
lation between indoor annoyance and sound categogy ( Ported 25% of the respondents as noise sensitive in a road
=0.348,n=340,p<0.001). traffic survey =805). The difference might reflect prefer-
Regarding sleep disturbance, 23%=(80, 95%Cl: ence of living environment, indicating that noise sensitive
18%—27% of respondents stated that they were disturbed irindividuals prefer a more rural surrounding or that people
their sleep by noise. Several sources of sleep disturbanclying in areas with low background noise levels might de-
such as road traffic, rail traffic, neighbors, and wind turbinesyelop a higher sensitivity to noise.
were reported in an open question. At lower sound catego- The calculated A-weighted SPL reflected downwind
ries, no respondents were disturbed in their sleep by wingonditions assuming a wind speed of 8 m/s. Over a larger
turbine noise, but 16%n(= 20, 95%Cl: 11%—-20%of the  period of time, the direction and speed of the wind will vary
128 respondents living at sound exposure above 35.0 dBAnd hence affect the actual SPL at the respondent’s dwelling.
stated that they were disturbed in their sleep by wind turbindt is likely that these variations, seen as an average over a
noise. Of those, all except two slept with an open window inlonger period of time, in most cases will result in lower
the summer. No statistically significant correlations werelevels than the calculated SPL. Several unreliabilities related
found between sleep quality in general and outdoor noiséo the calculations might have led to an over- or underesti-
annoyance, indoor noise annoyance, attitude to visual immation of the dose levels. However, this error would not
pact, attitude to wind turbines in general, or sensitivity toinvalidate the comparison between respondents living at dif-
noise. ferent SPL. Another source of error is that no account was
taken of the physical environment around the respondent’s
house(e.g., location of patio or veranda, presence of bushes
and trees in the gardgnThe actual SPL that the respondent
experienced in daily life might therefore differ from the cal-
A. Method culated, leading in most cases to an overestimation of the

IV. DISCUSSION

The results were based on the questionnaire survey an%alculated dose.
calculated A-weighted SPL. The purpose of the study wa
masked in order to avoid other factors such as attitude an
ownership influencing the answers. The survey method is The results suggest that the proportions of respondents
well established and has been used in several previous studanoyed by wind turbine noise are higher than for other
ies exploring annoyance due to community ndisgy., G-  community noise sources at the same A-weighted SPL and
stram, 2009. that the proportion annoyed increases more rapidly. A com-

The results indicate a high validity for the questionnaire.parison between established estimations of dose—response
The questions detected annoyance by odor from industriaklationships for annoyance of transportation ngSehultz,
plants in the area where the biogas plant is locatédhose  1978; Fidellet al,, 1991; Miedema and Voss, 1998; Miedema
annoyed by odor from industrial plants, 83%=19) lived  and Oudshoorn, 2001; Fidell, 2008nd an estimation of a
close to the biogas plahtit also detected annoyance by dose-response relationship for wind turbine noise, based on
noise from trains in the areas where the train pagakof the findings in this study, are shown in Fig. 3. All curves are
the respondents who reported that they were annoyed hthird order polynomials. The established curves describing
noise from railway traffic §=12) lived in areas where the annoyance from transportation noise are based on a large
railway passefl There was a high correspondence betweeramount of data, and the wind turbine curve on only one
the responses to the general question of noise from windtudy, so interpretations should be done with care. An impor-
turbines at the beginning of the questionnaire and the mortant difference between studies of transportation noises and
specific questions latéalpha: 0.8850n=326), also indicat- wind turbine noise is however where the main annoyance
ing high reliability of results. reaction is formed. For most studies of transportation noises

. Results
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tionship for transportation noise estimated by third or-
der polynomials suggested by Miedema and Oudshoorn
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it can be assumed that annoyance is formed mainly as aerodynamic sounds of swishing, whistling, pulsating/
reaction to the sound pressure levels perceived indoors, aridrobbing, and resounding were—in agreement with this
hence the actual noise dose should be reduced by the attertupothesis—also reported to be most annoying. The results
ation of the faade. For wind turbine noise the main annoy- for the sounds of swishing and whistling agree well with
ance reaction is formed when spending time outdoors. Theesults from previous experimental studi@®ersson Waye
actual difference in noise dose could therefore, at least partlgt al, 2000; Persson Waye and Agge, 2000; Persson Waye
explain the comparatively higher prevalence of noise annoyand Chrstran, 2002, while pulsating/throbbing in those
ance due to wind turbines. However, this factor does nostudies was not significantly related to annoyance.
explain the steep gradient. Most respondents who were annoyed by wind turbine
Another factor that could be of importance for explain- noise stated that they were annoyed often, i.e., every day or
ing the seemingly different dose—response relationships ialmost every day. The high occurrence of noise annoyance
that the wind turbine study was performed in a rural envi-indicates that the noise intrudes on people’s daily life. The
ronment, where a low background level allows perception osurvey was performed during May and June when people
noise sources even if the A-weighted SPL are low. Windcould be expected to spend time outdoors, and the results
turbine noise was perceived by about 85% of the respondentherefore reflect the period that is expected to be most sen-
even when the calculated A-weighted SPL were as low asitive for annoyance due to wind turbine noise.
35.0-37.5 dB. This could be due to the presence of ampli- A low number of respondents were annoyed indoors by
tude modulation in the noise, making it easy to detect andvind turbine noise. Some of the respondents also stated that
difficult to mask by ambient noise. This is also confirmed bythey were disturbed in their sleep by wind turbine noise, and
the fact that the aerodynamic sounds were perceived at the proportions seemed to increase with higher SPL. The
longer distance than machinery noise. number of respondents disturbed in their sleep, however, was
Data obtained in this study also suggest that visuatoo small for meaningful statistical analysis, but the probabil-
and/or aesthetic interference influenced noise annoyanciy of sleep disturbances due to wind turbine noise can not be
Support for this hypothesis can be found in studies evaluataeglected at this stage.
ing auditory-visual interaction@/iollon et al, 2002. In one Noise annoyance was also related to other subjective
field-laboratory study, subjects evaluating annoyance due tfactors such as attitude and sensitivity. These results corre-
traffic noise were less annoyed if a slide of a visually attracspond well with the results from other studies regarding
tive street was presented together with the noise, as concommunity noise(e.g., noise from aircraft, railways, road
pared to the same noise level presented together with a vistraffic, and rifle ranges In a summary of 39 surveys per-
ally unattractive street. The difference in noise annoyancéormed in ten different countries, the correlation was 0.42
amounted to as much as 5 dBKastka and Hangartner, between dose and response, 0.15 between exposure and atti-
1986. The hypothesis was also supported by the logistidude, 0.41 between annoyance and attitue®,01 between
multiple regression analyses in the present study, where thexposure and sensitivity, and 0.30 between annoyance and
visual variable attitude to visual impact had a significant im-sensitivity (Job, 1988 Corresponding numbers from this
pact on the model. However, although the inclusion of thestudy are presented in Table VII and show a noteworthy
variable increased the pseuB3; the influence of noise ex- similarity.
posure was still a significant factor for noise annoyance. A Two aspects of attitude were explored in the present
general prediction of the visual influence on noise annoystudy. Attitude to the visual impact of wind turbines on the
ance, however, can not yet be made with any certainty akndscape scenery was more strongly correlated to annoy-
both attenuatingKastka and Hangartner, 1986nd ampli- ance than the general attitude to wind turbines. The four
fying effects(e.g., Wattset al, 1999 have been detected.  most supported adjectives queried in the survey were envi-
The high prevalence of noise annoyance could also beonmentally friendly, necessary, ugly, and effective, thus giv-
due to the intrusive characteristics of the aerodynamic soundhg the picture of a phenomenon that is accepted, but not
The verbal descriptors of sound characteristics related to theegarded as a positive contribution to the landscape.
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Previous studies of community noise have found that —State for each nuisance below if you notice or are
people who tend to be consistently negative could be preannoyed when you spend tinmutdoorsat your dwelling:
dicted to be more annoyed by a new source of nfi§ein-  odor from industries, odor from manure, flies, noise from
sten, 1980 More recent studies on community noise havehay fans, noise from wind turbines, railway noise, road traf-
included additional aspects and suggest conceptual modefie noise, lawn mowers(do not notice, notice but not an-
describing individual differences in the terms of stress, apnoyed, slightly annoyed, rather annoyed, very annpyed
praisal, and coping_ercher, 1998 In the case of annoyance —State for each nuisance below if you notice or are
due to wind turbine noise, the findings suggest that indi-annoyed when you spend tinmadoors in your dwelling:
vidual differences others than attitude and sensitivity couldbdor from industries, odor from manure, flies, noise from
influence the variation of noise annoyance. Respondents ahay fans, noise from wind turbines, railway noise, road traf-
noyed by wind turbine reported negative changes in theific noise, lawn mowers(do not notice, notice but not an-
neighborhood to a higher degree than those not annoyed amyed, slightly annoyed, rather annoyed, very annpyed
stated that they had little perceived opportunity to influence  —How would you describe your sensitivity to the fol-
local government. The importance of these parameters fdowing environmental factors: air pollution, odors, noise, lit-
noise annoyance due to wind turbines should be further studering? (not sensitive at all, slightly sensitive, rather sensi-
ied. tive, very sensitive

C. Conclusions Section Il

A significant dose—response relationship between calcu- ——Can you see any wind turbine from your dwelling or

lated A-weighted SPL from wind turbines and noise annoyYOUr gardeniyes, no _ L

ance was found. The prevalence of noise annoyance was —What is your opinion on th_e wind t_u_rbmes_lmpact on
higher than what was expected from the calculated dose. It ig‘e Iandscape. scenery\??ry positive, positive, neither posi-
possible that the presence of intrusive sound characteristi¢¥® NOr negative, negative, very negative .

and/or attitudinal visual impacts have an influence on noise —Are you affected by wind turbines in your living en-
annoyance. Further studies are needed, including a |argé(_|tronment with regard to: shadows from rotor blades, reflec-
number of respondents especially at the upper end of thilons from rotor blades_, sound from r_otor blgdes, sound from
dose curve, before firm conclusions could be drawn. To exmachlner_y, changed view(@o not notice, notice but not an-
plore attitude with regard to visual impact, some of thesd'®Yed: slightly annoyed, rather annoyed, very annpyed

studies should be performed in areas of different topographé —If you are annoyed by noise, shadows and/or reflecf)—
where the turbines are less visible. There is also a need f°nS from wind turbines, how often does this happen

further explore the influence of individual and contextual (pever/almost never, some/a fe\{v times per year, spme/a few
parameters. times per month, some/a few times per week, daily/almost

daily)
—If you hear sound from wind turbines, how would you
ACKNOWLEDGMENTS describe the sound: tonal, pulsating/throbbing, swishing,

We gratefully acknowledge the assistance of AgnetaVhistling, lapping, scratching/squeaking, low frequency, re-
Agge; we also thank the Swedish Energy Agency P13644-$ounding?(do not notice, notice but not annoyed, slightly
and the Adlerbertska Research Foundation for funding th@nnoyed, rather annoyed, very annoyed
study. This article has benefited greatly from comments pro- —Have you noticed if sounds from wind turbines sound

vided by Associate Editor Lou Sutherland and two anony_diﬁerent at SpeCia| occasions: when the wind blows from the
mous reviewers. turbine towards my dwelling, when the wind blows from my

dwelling towards the turbine, when the wind is low, when the
) wind is rather strong, warm summer nightd@ss clearly
APPENDIX: QUESTIONNAIRE heard, more clearly heard, no differences, do not know
Key questions from the questionnaire used in the study. —Are you annoyed by sound from wind turbines during
Questions with the main purpose to mask the intention of th@ny of the following activities: relaxing outdoors, barbecue
questionnaire and standard questions on socio-economic staights, taking a walk, gardening, other outdoor activitg®
tus and health are not shown here. Translated from Swedishot notice, notice but not annoyed, slightly annoyed, rather
annoyed, very annoyéd
—Do you own any wind turbinestho, yes | own one or
—How satisfied are you with your living environment? more turbines, yes | own shares of wind turbines
(very satisfied, satisfied, not so satisfied, not satisfied, not at —What is your general opinion on wind turbinea®2ry

Section |

all satisfied positive, positive, neither positive nor negative, negative,
—Have there been any changes to thetterin your  very negative

living environment/municipality during the last year&, —Please mark the adjectives that you think are adequate

yes State which changes. for wind turbines: efficient, inefficient, environmentally

—Have there been any changes to thersein your friendly, harmful to the environment, unnecessary, necessary,
living environment/municipality during the last yearg%,  ugly, beautiful, inviting, threatening, natural, unnatural, an-
ye9 State which changes. noying, blends irt.
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